Abstract. Periodical cicadas present numerous puzzles for biologists. First, their period is fixed, with individuals emerging as adults precisely after either 13 or 17 years (depending on species). Second, even when there are multiple species of either 13-or 17-year cicadas at the same location, only one or rarely two broods (cohorts) co-occur, so that periodical cicada adults appear episodically. Third, the 13-or 17-year periods of cicadas suggest there is something important about prime numbers. Finally, single broods can dominate large areas, with geographical boundaries of broods remaining generally stable through time.
INTRODUCTION
Since the discovery of the periodical cicadas, Magicicada spp., in eastern North America some 300 years ago (Oldenburg 1666, Walsh and Riley 1868) , biologists have been fascinated by their periodicity. There are seven species of periodical cicadas that divide into two categories: four species that live for 13 years, and three species that live for 17 years Simon 1995, Marshall and Cooley 2000) . Generally, the geographical ranges of the 13-and 17-year cicadas are nonoverlapping, with 13-year cicadas occurring to the south and west of 17-year cicadas. Periodical cicadas emerge as a group in late spring, forming large and noisy mating congregations for roughly a month, and then the adults die. Because individuals emerge after exactly 13 or 17 years (depending on the species), the populations are divided into discrete cohorts, or broods, that emerge together. In any one geographical location, there is typically only one or rarely two broods of a given species, and when there are multiple species (which is often the case), their broods emerge in the same years (Lloyd and Dybas 1966a , Dybas and Lloyd 1974 , Williams and Simon 1995 cicadas only emerge at a given location once or rarely twice every 13 or 17 years, causing a strikingly episodic pattern of species that, when present, are strikingly noticeable. Periodical cicadas present numerous biological puzzles. What were the evolutionary forces that created synchrony in the emergence of broods? Not only is emergence timed to be exactly 13 or 17 years, but emergence in the spring occurs over a narrow window, with most individuals emerging over a few days (Williams and Simon 1995) , implying strong selection for the emergence of large numbers of cicadas together. Why does only one brood typically dominate in a given geographical location? This suggests that there are advantages not only in emerging within a large brood, but also in emerging periodically so that cicadas are not present every year. And why are the periods of periodical cicadas both prime numbers? Since period length is evolutionarily labile, this seems hardly coincidental. The seven species actually consist of three sets of sister species that are morphologically, behaviorally, and (in some cases [Martin and Simon 1988] ) genetically distinct, with each of the three sets containing one 17-year species, and one or two 13-year species (Simon et al. 2000 , Cooley et al. 2003 . The difference among the species within these three sets is primarily period length, suggesting that period length can change evolutionarily between 13 and 17 relatively easily.
EMPIRICALLY MOTIVATED ECOLOGICAL THEORY

Special Feature
These questions have a mathematical component, and it was for this reason that periodical cicadas were selected as a topic for an undergraduate summer research program involving all of the authors. The goal of this program was to give undergraduate students experience in research at the interface of biology and mathematics. Because the question of periodical cicada periodicity is inherently both biological and mathematical, it gave a compelling empirical problem to demonstrate the value of mathematics in the biological sciences. Developing ecological theory to address specific empirical problems-the theme of this Special Feature-may be useful not just in research, but also in education.
Below, we first review the biology of periodical cicadas. We then give an overview of previous theoretical models addressing periodical cicadas, showing that our understanding of the evolution of cicada's periodicity is far from complete. Using a mathematical model that incorporates and generalizes features from many previous models, we investigate different mechanisms that could be responsible for the evolution of strict periodicity. We then investigate the more specific problem of explaining prime-numbered periods. Finally, we develop a spatial model of periodical cicada dynamics, which gives a strong argument in favor of one of the several mechanisms that could lead to cicada periodicity.
STUDY SYSTEM
The life cycle and key ecological features of periodical cicadas are reviewed in depth by Lloyd and Dybas (1966a, b) and Williams and Simon (1995) ; here we present an abbreviated overview to explain the construction of models. The adult stage starts as a given brood of nymphs digs its way from the ground at night to emerge over a 7-10 d period (Heath 1968 , Williams et al. 1993 . After mating in large congregations, females lay up to 600 eggs. Nymphs then hatch, drop to the forest floor, and burrow to underground roots. The total adult life span is roughly 2-6 weeks. Adult mortality from bird predation can be high (Karban 1984) , although birds become satiated when emerging broods are large (Karban 1982 , Williams et al. 1993 . Anderson (1977) and Nolan and Thompson (1975) both recorded an increase in fledging success of birds during years of cicada emergence, showing that cicadas represent an important food source for some species of birds. In a recent study, Koenig and Liebhold (2005) analyzed 37 years of North American Breeding Bird Count data for 24 species that potentially eat cicadas. Of these, 15 showed some population abundance response to cicada emergences, with one species (the Red-headed Woodpecker) showing an 18% increase in abundance in the year following emergence. Increases in abundance, however, tended to be short-lived, lasting 1-3 years. A few species had lower than average abundance in the years preceding cicada emergence, which might suggest a very long-term effect of the previous emergence, although this pattern was far less striking than the short-lived increase in abundance of other species following emergence.
Nymphs feed on xylem from the roots of a variety of deciduous tree species (White and Strehl 1978) . In a study investigating underground survival, Karban (1997) found high nymph mortality in the first two years following egg laying, but subsequent low mortality until emergence. Furthermore, early mortality was apparently density dependent; from five study sites, the two with much higher density than the others also had higher mortality. This could be explained by competition among nymphs for food (Williams and Simon 1995) . Nymphs grow through five instars, and once they have reached the last nymph instar, growth is arrested even if this occurs several years before their timed emergence at 13 or 17 years (White and Lloyd 1975) . Arrested growth suggests strong evolutionary forces underlying the strict periodicity of emergence. Occasionally, however, ''mistakes'' are made, in which case a 17-year cicada generally emerges at 13 years, although rarer mistakes are made in which emergence is off by only one year (Williams and Simon 1995) . Several authors argue that the phenotypic differentiation between 13-and 17-year periods may be governed by a single, diallelic locus (Lloyd et al. 1983, Cox and Carlton 1988) , suggesting that there is a genetic switch mechanism between prime-numbered periods.
THEORETICAL APPROACH
Previous models
Numerous theoretical models have been used to investigate mechanisms that could create cicada periodicity. Here we review some of the key models that explore different facets of periodicity. Hoppensteadt and Keller (1976) and Bulmer (1977) investigated mechanisms that could drive periodicity. Both investigations demonstrated that a combination of nymph competition and predator satiation could lead to one or a few broods dominating other broods and driving them to extinction. Nymph competition acts across broods, with high enough densities of one brood leading to the suppression of other broods in following years. This process is exacerbated by predator satiation (Bulmer 1977) . When there is predator satiation, large broods are favored over small broods, since by satiating their predators large broods have higher per capita survival. Thus, once a brood is diminished to levels at which predator satiation is no longer strong, the brood will be extinguished. Similar effects could be produced via parasitism rather than predator satiation (May 1979) , and between-year effects of parasitism or predation could serve like competition to cause high densities of one brood to reduce the density of broods in following years (Bulmer 1977 , Behncke 2000 . These models all begin with the assumption that cicadas have NICOLAS LEHMANN-ZIEBARTH ET AL. Ecology, Vol. 86, No. 12 the same fixed age at emergence and hence have a periodic life cycle. They only address how a single brood might become dominant, rather than how periodicity might evolve in the first place.
Recent theoretical work has addressed why cicada periods are prime numbers. Building on an idea of Gould (1977) , Webb (2001) assumed that cicada predators consist of species having cyclic or ''quasi-cyclic'' dynamics with either two-or three-year periods. This leads to high predator abundances, and high predation rates, in years divisible by either two or three. Because primes are the only numbers between 10 and 18 that are not divisible by 2 or 3, broods of prime-period cicadas frequently escape high predation levels and hence tend to dominate hypothetical cicadas with nonprime periods. This mechanism for generating prime numbers relies on either externally driven two-and three-year cycles of predators, or predators that have strict fecundity schedules creating dynamics that tend to show two-or three-year oscillations. Markus et al. (2002) built a stylized model in which cicadas experience a negative impact when they emerge with predators, and predators experience a positive impact when they reproduce at the same time as cicada emergence. Unlike Webb (2001) , cicadas were restricted to have single broods with strict period (i.e., the entire population was synchronized), and predators were assumed to be themselves strictly periodic with a single cohort. Markus et al. (2002) then allowed cicadas and predators to ''evolve'' by introducing mutant cicadas and predators with period lengthened or diminished by one year. This eventually leads to cicadas with prime periods. Nonetheless, this mechanism generating prime-period cicadas relies upon predators having strictly periodic generations and fitness tightly coupled to cicada emergence, both of which are biologically unlikely.
A final group of models is largely verbal, explaining prime periods as the consequence of evolution to avoid hybridization Carlton 1988, Yoshimura 1997) . Here it is assumed that strictly periodic life cycles were previously established by some factor, but numerous different strict periods (e.g., 12-year, 13-year, 14-year, etc.) co-occurred. Prime-numbered periods are favored, because this limits the chance of hybridization with other phenotypes; hybridization would be disfavored either if hybrids experienced genetic breakdown in the mechanism determining period length, or if hybrids had the period of neither parental phenotype and hence emerged at the ''wrong'' time in small numbers with few mates (Cox and Carlton 1988) . A difficulty of this explanation is that prime-period phenotypes might in fact be more likely to hybridize; if, for example, 12-and 13-year phenotypes co-occur, they will emerge together at least within 156 years, while 12-and 14-year phenotypes will never emerge together if they initially emerge 1 year apart.
Despite numerous models, answers about the mechanisms that could underlie cicada periodicity are surprisingly incomplete. Few models explicitly address evolutionary processes, and models that address factors leading to the dominance of only a few broods (e.g., Hoppenstaedt and Keller 1976, Bulmer 1977) do not address why periods are prime numbers. Finally, we know of no mathematical models addressing the spatial pattern of cicada emergence, with sharp and apparently stable boundaries separating broods.
Model structure and analysis
To investigate the evolution of cicada periodicity, we constructed a model that amalgamates many of the features found in the collection of existing cicada models. This amalgamated model makes it possible to address simultaneously multiple factors that might lead to the evolution of periodicity. After developing and analyzing the ''base'' model, we then modify it to explore a possible explanation of periods being prime. Finally, we present a spatial version of the model to investigate whether the spatial pattern of brood domination suggests one mechanism over others as the main force driving the evolution of periodicity. We do not address ideas about hybridization and historical generation of periodicity during the last Ice Age Carlton 1988, Yoshimura 1997) , because this would require too many unverifiable assumptions about the genetic consequences of hybridization and the historical pattern of the evolution of periodicity.
In the base model, we consider the evolution of phenotypes that differ in how variable generation time is among offspring. Because we do not know the genetics underlying the evolution of periodicity in protoperiodic cicadas, we assume that evolution is haploid, modeling female offspring that have the phenotype of their mothers. Although haploid evolutionary models may not capture the genotypic evolutionary process, they nonetheless elucidate the forces driving natural selection (Maynard-Smith 1974) .
The base model is age structured, following the dynamics of a phenotype p,v defined by the mean period p of its life cycle and the variability v about this mean. Thus, let x p,v (q, t) denote the adult density of the qth (q ϭ 1, . . . , p) brood of a p,v periodical cicada. The survival and fecundity of emerged adults is given by
s where (q, t) is the density of newborn nymphs, r 1 xЈ p,v sets the maximum realized fecundity to exp(r 1 ), y(t) is the density of predators in the year of emergence, a is the predator attack rate, X s is the total number of adults from all phenotypes emerging in year t, and b determines the rate at which predators satiate with increasing total adult density. If b ϭ 0, there is no satiation (type I functional response), while as b increases, satiation becomes stronger (type II functional response).
EMPIRICALLY MOTIVATED ECOLOGICAL THEORY
Special Feature
We assume that competition among nymphs occurs as density-dependent mortality of newborn nymphs. Karban (1997) showed that most nymph mortality occurred within the first two years (and possibly earlier, since two years was the shortest of his sampling intervals), and spreading the density-dependent effects of competition on nymph mortality over two years makes little quantitative difference to the model. The density of newborn nymphs surviving competition is
where X 0 (t) is the total density of newborn nymphs, X L (t) is the total density of nymphs between the ages of 1 and T, and the effect of competition with newborn and older nymphs increasing with d 0 and d L , respectively. In this formulation, we control the window of nymph ages that have a competitive effect on newborn nymphs by setting T. Biologically, older nymphs might have less effect on newborn nymphs because older nymphs feed lower in the soil and can become relatively inactive once they reach the size, but not age, required for emergence. Because only single broods occur in most geographical locations, however, it is difficult to study the competitive effects between different-aged nymphs, so we have no direct information about T. For the initial analyses we set T ϭ 2 so that the effect of the size of this competitive window can be seen in the model results, although later analyses show that T is likely to be larger. Finally, to model phenotypes that differ in variability in the timing of emergence, we assume that for a given phenotype p,v, a fraction of v offspring emerges at a time different from characteristic period p. These offspring are placed into broods symmetrically before and after the parental brood following a geometric distribution. Furthermore, we assume that once nymphs have survived their first year, there is no further mortality. Thus, the density of adults of brood q of phenotype p,v in year t ϩ p is
We model haploid evolution by assuming that with probability P ϭ (q, t) a small number of individw xЈ p,v uals (specifically, a density of 0.01) ''mutate'' from phenotype p,v 1 to a phenotype p,v 2 , thus permitting mutations between phenotypes with different variability v but the same mean period p. The parameter w scales the probability of mutation relative to the population density; larger populations are more likely to produce a mutant. The value of w ϭ 0.01 is set low so that mutations are relatively rare, occurring with probability 0.1 in a population with density 10 (which is typical for dominant broods in our simulations).
We assume that predators experience density-dependent dynamics, with yearly fecundity of exp(r 2 ), yearly survival of m, and a cicada-independent equilibrium population density of K. In the presence of cicadas, the predator density y(t) has dynamics given by
where h ϭ (r 2 Ϫlog(1 Ϫ m))/r 2 K is a scaling term, and c is the conversion rate of consumed cicadas into predator offspring. Note that if c ϭ 0, the predator dynamics are unaffected by cicada predation. This model is sufficiently complex that simple analytical solutions do not exist. However, our goal is to determine only whether different explanations of cicada periodicity are plausible. Therefore, we performed simulations of particularly informative cases, using a comparative approach to hone our understanding of different mechanisms that could drive the evolution of periodicity in cicadas.
RESULTS
Strict-period broods
Before considering evolution, we first analyze the model to determine factors that lead to the elimination of broods when there is no variability in age at emergence (v ϭ 0). This is the problem addressed in numerous previous models (Hoppensteadt and Keller 1976 , Bulmer 1977 , Behncke 2000 and serves to expose the processes that underlie our later results on evolution.
We considered four cases, all of which have cicadas with a strict 15-year life cycle. We selected a 15-year life cycle to be neutral, between 13 and 17 but not a prime number; choices other than 15 yield similar results. Case I includes predator satiation (b Ͼ 0 in Eq. 1) and between-brood nymph competition (d L Ͼ 0 and T ϭ 2 in Eq. 2) in which higher densities of 1-and 2-year-old nymphs decrease the survival of newborn nymphs. Simulations show that only a few of the broods persist (Fig. 1A) . The reason for this can be seen in Fig. 1B , in which the density of adults in generation ϩ 1 is plotted against the density of adults in generation that emerged 15 years previously. These plots were constructed by varying the density of adults (and hence newborns) in generation while preserving the density of 1-and 2-year-old underground nymphs and hence the strength of competition experienced by newborns. The 15 separate lines in Fig. 1B correspond to the 15 broods, with lower lines indicating stronger competition from previous broods. The sigmoidal shape of the lines shows the effect of predator satiation; if too few adults emerge, per capita predation is high and survival is low, leading to an Allee effect. For some broods, the density of adults in generation ϩ 1 is always lower than the density in generation , indi- cating declining densities. For other broods, there is a window of densities in generation that lead to an increase in density. Note that the number of broods that persist depends in part on the initial densities of broods and the resulting transient dynamics that determine which broods dominate. This dependence on initial conditions makes any absolute conclusion about the number of persisting broods difficult, because there is a large role of transient dynamics in the initial establishment of broods.
In case II, we assumed that there is no between-brood nymph competition (d L ϭ 0), but predator reproduction increases in response to cicada predation (c Ͼ 0), thus causing an increase in density that leads to higher predation on subsequent broods (Fig. 1C) . As a result, two broods eliminate the others and create spikes in predator densities corresponding to years of emergence (Fig. 1D) . Somewhat surprisingly, although consistently, two adjacent broods persist, largely as a result of the initial transient dynamics during which brood success depends on initial densities.
In case III, we eliminated any direct interaction between broods by removing both between-brood competition (d L ϭ 0) and predator reproduction in response to cicada predation (c ϭ 0), and selected initial densities of cicadas randomly from a uniform distribution between 0 and 4 (Fig. 1E) . Despite the absence of interactions between broods, only three broods persist. This is simply because the Allee effect created by predator satiation requires an initial density of roughly 3.5 for persistence (Fig. 1F) . Although this is a trivial case, we use it to emphasize the importance of initial densities when there is predator satiation, and later we demonstrate that this effect alone can lead to the evolution of periodicity.
Finally, in case IV we removed predator satiation (b ϭ 0) but included between-brood nymph competition (d L Ͼ 0) in the absence of cicada-dependent predator reproduction (c ϭ 0) (Fig. 1G) . In this case, betweenbrood competition is sufficient to cause the persistence of only a subset of broods, because between-brood competition decreases the population growth rate of some populations below the replacement rate (Fig. 1H) . Thus, predator satiation is not essential for brood elimination, as also shown by Bulmer (1977) .
Evolution of periodicity
All four cases analyzed above gave rise to brood elimination and dominance by just a few broods. Brood elimination (or at least strong reduction in density) is a necessary component of the evolution of strict periodicity, because if all broods persist at high density, density-dependent processes affecting cicada survival and reproduction will not vary strongly with the timing of emergence. Can all four mechanisms causing brood elimination drive evolution of strict periodicity?
To investigate the evolution of periodicity, we considered three phenotypes, each with a mean period of 15 years, but differing in variability in period from v ϭ 0.2 (20% of the brood having a period different from 15 years) to v ϭ 0.1 and v ϭ 0 (strict period). We assumed that initially the entire population consisted of phenotype p ϭ 15, v ϭ 0.2, and allowed the other two phenotypes to arise via mutations. We selected initial densities to be the same for all broods. Nonetheless, even if some broods were greatly reduced in density, broods never went extinct as long as variableperiod phenotypes persisted, because variability in generation time always allowed the repopulation of broods.
In case I, between-brood nymph competition and predator satiation rapidly led to the evolution of a strictly periodic phenotype ( Fig. 2A, v ϭ 0) as the two phenotypes with variable generation times were excluded. This occurred because between-brood nymph competition and predator satiation caused the severe reduction of some broods. As a result, the strictly periodic phenotype was favored because it did not lose individuals that emerged in years with reduced adult densities and hence higher per capita predation rates. Similarly, case II leads to the severe reduction in density of some broods and the consequent advantage to the strictly periodic phenotype (Fig. 2B) . Thus, predator satiation and an increase in predator reproduction in response to cicada predation caused the evolution of strict periodicity.
For case III we assumed that the fecundity of adults (regardless of phenotype) emerging in the same year was a random variable; specifically, the value of r 1 was drawn from a normal random variable each year. This resulted in variation in densities among broods, and when broods dropped below the threshold of the Allee effect, they would often continue to decline to very low densities (Fig. 2C) . This created an advantage for the strictly periodic phenotype, even in the absence of between-brood nymph competition and predator reproduction in response to cicada predation. Finally, case NICOLAS LEHMANN-ZIEBARTH ET AL. Ecology, Vol. 86, No. 12 IV shows that predator satiation is not essential for the evolution of strict periods provided between-brood competition can cause the severe reduction in density of some broods (Fig. 2D) .
In summary, in all cases in which some broods were reduced in density, evolution favored the strictly periodic phenotype. While this highlights the central requirement of brood elimination for the evolution of strict periods, it does not give any insight into which mechanism might in fact be responsible for the evolution of the strict periodicity of cicadas.
Phenotypes with multiple periods
In the preceding analyses, we considered only phenotypes that have an expected period of 15 years. To investigate both the evolution of strict periodicity and the selection of period length, we considered phenotypes p,v for p ϭ 12-16 and v ϭ 0.2, 0.1, and 0. We selected this range of periods to encompass 13 but no other prime number. Populations were started with all broods of all v ϭ 0.2 phenotypes, and the v ϭ 0.1 and 0 phenotypes were generated via mutations. While mutations could change the variability in life cycle length (v), we assumed that the expected period ( p) was not subject to change. Therefore, selection of a period p took the form of competition between phenotypes.
For case I with predator satiation and between-brood competition, evolution favored cicadas with strict periods of 12 and 15 years (Fig. 3) . Examination of the model showed that 4 and 5 broods of the 12-year cicada and 15-year cicadas persisted, respectively, and these broods emerged synchronously every three years. This synchronization of broods makes sense, because the resulting high density of adults from multiple phenotypes guarantees predator satiation. The selection of broods that emerge every three years is a consequence of the form of between-brood competition. Because we assumed that 1-and 2-year-old nymphs have a competitive effect on newborn nymphs, this sets a time delay of three years in the system, with broods following one and two years after a large brood suffering competition. If the delay is shortened, so that only 1-year-old nymphs have a competitive effect on newborn nymphs, then broods of even-numbered period are favored, and broods emerge every two years. Conversely, if the delay is lengthened to four years, 12-and 16-year cicadas are favored. Although we present only case I for predator satiation and between-brood nymph competition, the results are similar for the other cases; when brood elimination occurs, thus favoring evolution of strict periodicity, the 13-year phenotype does not persist but is supplanted by periods that allow synchronous emergence among broods.
Prime-numbered periods
As found in the last example, those factors that cause brood elimination and promote the evolution of strict periodicity also promote synchronous emergence among individuals with different periods, thus favoring periods that have a small common denominator. This makes it difficult to explain the evolution of primenumbered periods. In an attempt to find a scenario in which prime-numbered periods are selected, we started with the situation similar to case IV with betweenbrood competition, yet instead of having no predator satiation, we imposed very mild predator satiation. To select for prime numbers, we followed Webb (2001) in supposing that there are two types of predators, one with a two-year and the other with a three-year life cycle. To accentuate the periodicity of predation, we assumed (unrealistically) that predators only reproduce once (in their second or third year, respectively) and only feed on cicadas in the year they reproduce. This is the extreme case of age-dependent fecundity. In the model, the cyclicity in predator dynamics is maintained by increased reproduction caused by predation on cicadas. Our model differs from Webb (2001) in that he assumes cicadas have strict periods, whereas we allow phenotypes with variable periods, and explicitly ask whether both strict periodicity and prime-numbered periodicity can evolve simultaneously.
The scenario we constructed does favor cicadas with 13-year periods over other periods between 12 and 16 (Fig. 4) . Nonetheless, in the scenario with sufficiently weak predator satiation to remove strong selection for synchrony and resulting dominance of nonprime periods, selection for fixed over variable periods is too weak to allow the period to become fixed. We could not find parameter values that simultaneously selected for strict periodicity (v ϭ 0) and 13-year periods. Furthermore, we do not think that this mechanism favoring prime periods is likely, because it requires strong and simultaneous two-and three-year cycles in predation. Most birds, the main predators of cicadas, breed in their first year and show constant annual survivorship (Gotelli 1998), making strong two-or three-year signals in predation unlikely.
Spatial patterns
So far we have focused on the evolution of strict periodicity and prime-numbered periods, ignoring the striking spatial pattern shown by cicadas in which single broods often dominate large contiguous areas, and in the rare cases in which nonsynchronized broods overlap geographically, they are separated by at least four years (Lloyd and Dybas 1966b) . We have shown that there are at least four mechanisms that could drive the evolution of strict periods. Here we ask whether the observed geographical patterns suggest that one of these mechanisms is stronger than the others. Specifically, we mathematically test the suggestion of Williams and Simon (1995) that the geographical distribution of periodical cicadas implies that nymph competition is important.
We constructed a spatial model of cicada dynamics by translating our base model (Eqs. 1-3) onto a spatial grid of 50 ϫ 50 cells with wrap-around (torus) boundaries. The dynamics of cicadas and predators within each cell were governed by the base model, and each year 5% of cicadas and 20% of the predators dispersed to one of the adjacent four cells before reproduction. Although this is a simplistic depiction of dispersal, more complex descriptions of dispersal are unlikely to give qualitatively different results. Cicada dispersal creates low-density populations in cells adjacent to established populations, and these have low population growth rates due to lack of predator satiation. For the values of predator carrying capacity K used previously (Fig. 1) , this caused the cicada population to go extinct. Therefore, for the spatial simulations we reduced K, the carrying capacity of predators in the absence of cicadas. We only considered cicadas with a strict 13-year period, assuming that a strict period had previously evolved. Finally, we initially populated space by randomly selecting 13 cells on the grid and placing one of the 13 broods in each.
To summarize the results of the spatial model once the grid is fully occupied, we report the average number of broods occurring in each cell with a density above the threshold of 1% of the maximum density found among cells. For the four cases described previously, there were 5.81 Ϯ 0.16, 3.70 Ϯ 0.34, 10.57 Ϯ 1.83, and 13 Ϯ 0 broods per cell (mean Ϯ SD of 10 simulations). These numbers change with changes in model parameters; for example, increasing cicada dispersal from 5% increases the average number of broods at any location. In cases I-III, the spatial distribution of broods was limited by the presence of other broods, but in case IV all broods spread throughout the grid. Even for the case with the lowest average number of broods per cell, case II (with predator reproduction depending on cicada predation), there were more than three broods on average per location, in contrast to the usual situation in nature of only one or rarely two broods.
In the model, the only plausible way to reduce the number of broods at the same location is to increase the length of time over which an emerging brood could affect subsequent broods. In the base model, the most biologically realistic way of generating the requisite long-term effects is via nymph competition (Williams and Simon 1995) . Until now, we have assumed that only 1-and 2-year-old nymphs have a competitive effect on newborn nymphs (T ϭ 2 in Eq. 2), yet it is likely that older nymphs also have a competitive effect. In contrast, it is unlikely that predators have a longterm effect (case II); this would require predator reproduction caused by a brood emergence to generate high predator densities that are then maintained for many years. Although there is equivocal evidence that this is possible for a few bird species, the increase of bird abundance due to cicada emergences is generally short-lived (Koenig and Liebhold 2005) . Fig. 5 gives two illustrative examples of increasing the length of time over which nymphs have a competitive impact on newborn nymphs. In the first (Fig.  5A ), nymphs have a competitive effect on newborns up to the age of 6 (T ϭ 6 in Eq. 2), and we made this competition strong so that broods readily excluded each other; the mean number of broods per location was 1.5. In this scenario, however, complex spatial patterns arise, rather than the observed dominance of a given brood over a wide geographical region. Furthermore, the boundaries are not stationary; the spiral patterns rotate slowly through time. These spatial dynamics are the result of a nontransitive hierarchy in competitive dominance. For example, a brood emerging in 1990 is dominant to a brood emerging in 1994, which is turn is dominant to a brood emerging in 1999. But the brood emerging in 1999 is dominant to the brood emerging in 2003, which is the same brood that emerged in 1990. This type of rock-paper-scissors hierarchy is known to produce complex, nonstationary spatial patterns (Durrett and Levin 1998, Frean and Abraham 2001; D. S. Griffeath, personal communication) .
In the second example (Fig. 5B) , all nymphs have a competitive effect on newborns (T ϭ 12 in Eq. 2). In this case, well-defined and stationary geographical distributions of broods emerge, with a mean number of broods per location of 1.09. This case more accurately mimics reality where the geographical ranges of broods are contiguous and the boundaries appear to be static. Thus, it is likely that all, or at least most, nymph age groups are involved in competition. Even if we are wrong in assuming that nymph competition is the most likely process responsible for between-brood interactions, whatever factor creates between-brood interactions must act over the long term, so that broods emerging 12 years previously have an effect on newborns. DISCUSSION Using a suite of models, we investigated possible mechanisms for the evolution of strict periods in pe-riodical cicadas. We showed four cases that can lead to elimination of broods of a hypothetical cicada that has a strictly periodic life cycle ( Fig. 1): (case I) predator satiation and between-brood nymph competition; (case II) predator satiation and predator reproduction in response to cicada predation; (case III) predator satiation and random cicada population densities; and (case IV) between-brood nymph competition in the absence of predator satiation. These cases that create brood elimination also lead to the evolution of strict periodicity from an initial cicada phenotype having variable emergence times (Fig. 2) . Thus, there are multiple scenarios that can lead to the evolution of cicada periodicity.
Which of these scenarios is most likely? The spatial distribution pattern of cicadas, with locations dominated most often by a single brood even when there are multiple species co-occurring (Cooley et al. 2003) , suggests that a large brood emergence can suppress subsequent broods for many years. This implicates between-brood nymph competition as a potentially strong factor explaining the current distribution pattern of cicadas (Williams and Simon 1995) . Our spatial model confirms that strong spatial partitioning of broods can occur when there is predator satiation and a competitive effect of all ages of nymphs on newborn nymphs. If between-brood nymph competition was strong in the evolutionary history of periodical cicadas, it would have created strong selection for strictly periodic emergence. This suggests, albeit with several leaps of faith, that between-brood nymph competition and predator satiation were key processes to the evolution of cicadas periodicity.
This does not, however, address why cicadas have prime-numbered periods. The difficulty in generating prime-numbered periods is that the evolution of periodicity requires selection for synchronized emergences, and the same selective forces also select for synchronization among cicadas with different periods, and hence for periods with small common denominators. We were able to create a model that selects for prime numbers, although this required strong and simultaneous two-and three-year cycles in predation rates. Furthermore, to reduce the force of selection for synchronization across phenotypes with different periods, we had to assume weak predator satiation-satiation that was so weak that evolution of strict periodicity did not occur. Thus, we do not think that our model gives a plausible explanation for prime-numbered periods, and we could not devise another explanation and model that generated prime numbers.
We suspect that the mechanism explaining why periods are prime numbered does not directly involve ecological processes. One possibility is that ecological processes select for synchronous emergence (regardless of period), and the physiological/genetic counting mechanisms needed to synchronize emergence constrain periods to prime numbers. Although recent studies have shown that periodical cicadas count years by detecting seasonal changes experienced by their host trees (Karban et al. 2001) , the actual counting mechanism is unknown. Two types of evidence suggest a physiological/genetic explanation for prime periods. First, when 17-year cicadas make ''mistakes,'' they emerge generally in 13 years (Williams and Simon 1995) . Second, ecological and genetic studies have demonstrated close associations between 13-and 17-year species within sets of sister species that share many morphological and behavioral traits (Simon et al. 2000) ; thus, there seems to be a genetic switch between 13-and 17-year periods (Cox and Carlton 1991) . A possible explanation for this, albeit pure speculation, is that cicadas count long periods using only two shortterm clocks: one that counts two years and the other that counts three years. Such a dual clock system would allow cicadas to identify years that are not divisible by either 2 or 3, which for the range of years 12 to 18 are the prime numbers 13 and 17. We can find no examples of dual-clock counting mechanisms in other biological systems, and therefore there is no precedent to support this speculation. Nonetheless, our difficulty in deriving ecological scenarios that could lead to prime-numbered periods suggests looking for nonecological explanations.
This project has given an example in which a systemspecific model was used to formulate and explore possible hypotheses about the processes underlying a striking biological phenomenon. We cannot prove that any of our results explain the evolution of periodicity in cicadas. Furthermore, we surely did not uncover and investigate all of the possible explanations for cicada periodicity, even though we went to greater lengths than might be apparent in this article to find new explanations for periodicity, particularly prime-numbered periodicity. Nonetheless, taken together the models allowed us to crystallize the processes that potentially lead to periodicity. Our results confirm and expand on those of Hoppensteadt and Keller (1976) and Bulmer (1977) that predator satiation and between-brood nymph competition are likely important in explaining periodicity, although we believe that prime-numbered periods are unlikely to have an ecological explanation.
